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THE  STUDY  OP  PLASMA  FORMED  BY  ULTRA- 
SHORT  LASER  PULSES 


N.  G.  Basov,  S.  D.  Zakharov,  0.  N. 
Krokhin,  P.  G.  Kryukov,  Yu.  V. 
Senatskiy,  Ye.  L.  Tyurin,  A.  I. 
Fedcsimov,  S.  V.  Chekalln,  and 
M.  Ya.  Shchelev 


Processes  occurring  during  high-temperature 
heating  of  plasma  have  been  studied  experimentally 
by  focusing  laser  emission  of  ultrashort  duration 
on  the  surface  of  lithium  deuteride.  Experiments 
included  the  shadow  photography  of  plasma  with 
illumination  by  ultrashort  pulses  and  the  photo- 
registration  of  the  dispersion  of  plasma  with  the 
aid  of  an  image  inverter,  as  well  as  the  time 
dependence  of  laser  pulse  reflection  and  the 
measurement  of  the  electron  temperature  of  plasma 
with  respect  to  its  X-ray  radiation. 

The  basic  processes  which  accompany  the 
heating  of  plasma  by  ultrashort  pulses  are 
examined  theoretically  within  the  framework  of 
approximations  based  upon  the  results  of  experi¬ 
ments  . 


I.  Introduction 


In  1968  in  the  Quantum  Radiophysics  Laboratory  of  the  Physics 

Institute  imeni  P.  N.  Lebedev  of  the  Academy  of  Sciences  USSR, 

research  was  started  on  the  heating  of  plasma  by  laser  emission  of 

-11  -12 

Uxtrashort  duration  (10  -10  s).  Upon  focusing  such  pulses  to 

the  surface  of  a  target  of  lithium  deuteride  placed  In  vacuum,  it 
was  possible  to  register  rapid  neutrons  [1J.  This  fact  indicated 
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the  existence  of  conditions  of  thermonuclear  d-d-reaction  and, 
consequently ,  the  achievement  of  high  values  of  temperature  and 
density  in  the  plasma.  Thus  it  was  shown  that  the  energy  of  a  powerful 
laser  of  ultrashort  duration  can  be  effectively  introduced  in  the 
plasma. 


At  the  same  time  it  was  established  that  the  significant  part 
of  the  laser  emission  is  reflected  from  the  target  [1,  2].  These 
results  were  confirmed  in  references  [3>  *•]. 

In  the  analysis  of  the  findings  a  number  of  questions  appear. 

In  the  first  place,  in  what  manner  does  energy  absorption  by  a  solid 
body  occur  if  the  laser  emission  has  been  concentrated  in  a  pulse  of 
several  picoseconds  duration?  In  the  second  place,  how  do  we  explain 
the  power  reflection  of  laser  emission  from  the  target?  And  finally, 
what  are  the  possibilities  of  ion  temperature  increase  and,  conse¬ 
quently,  neutron  yield  during  the  heating  of  plasma  by  ultrashort 
pulses? 


To  answer  these  questions  supplementary  experiments  were  made 
which  investigated  the  basic  features  of  heating  and  dispersion  in 
the  plasma  being  formed.  Some  of  them  have  been  described  in 
reference  [5]. 

Furthermore,  it  was  established  with  the  aid  of  the  high- 
resolution  photoregistering  apparatus  that  structure  of  the  laser 
emission  pulse  has  a  complex  character  and  is  not  reproduced  from 
experiment  to  experiment. 

The  ability  of  the  plasma  volume  to  generate  thermonuclear 
neutrons  is  determined  by  the  values  of  temperature,  density,  and 
lifetime  for  the  plasma  in  this  volume.  In  the  plasma  formed  by 
ultrashort  laser  pulses,  these  parameters  are  changed  depending  upon 

time  as  well  as  upon  coordinates,  whereupon  the  characteristic  time 

_q  _2 

of  dispersion  is  'vlO  s  and  the  characteristic  dimension  is  'vlO  cm. 

Therefore,  the  registration  of  plasma  parameters  with  simultaneous 
space  and  time  resolutions  (Ax  ~  10  3  cm.  At  “  10  s)  is  a  difficult 
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technical  problem,  which  is  even  more  complicated  due  to  the  non¬ 
reproducibility  of  laser  pulses  from  burst  to  burst  [2].  Nevertheless, 
the  achievement  of  either  space  or  time  resolution  individually  is 
possible  in  practice.  In  this  work  we  selected  an  alternate  plan, 
i.e.,  in  our  experiments  we  recorded  parameters  with  high  time  resolu¬ 
tion  (to  2-10-11  s)  ayeraged  by  the  plasma  volume.  In  this  case,  we 
attempted  to  check  the  results  of  one  procedure  by  the  data  obtained 
with  another.  The  measurements,  whose  results  are  examined  later, 
were  made  with  total  pulse  energy  0.1  J.  We  used  smaller  fluxes  than 
in  [1]  becuase  of  the  working  conditions  of  the  laser;  for  more 
deti.il  see  [5],  Lithium  deuteride  LiD  was  used  as  a  target. 

Theoretical  research  on  the  possibilities  of  heating  ions  by 
focusing  ultrashort  pulses  on  a  solid  target  is  of  considerable 
interest.  A  physical  model  of  heating  was  constructed  with  the  aid 
of  experimental  data.  Calculation  was  performed  within  the  framework 
of  hydrodynamic  equation?  of  two-component  plasma,  averaged  with 
respect  to  space,  taking  into  accour/c  electron-ion  relaxation  and 
energy  losses  to  emissions  when  the  duration  of  laser  pulse  is 
considerably  shorter  than  the  characteristic  plasma  time  (relaxation 
time,  time  of  hydrodynamic  dispersion , .  This  makes  it  possible  to 
examine  processes  in  plasma  from  the  moment  of  the  termination  of 
laser  pulse,  selecting  as  boundary  conditions  the  parameters  of 
plasma  nQ,  x^,  TQ  which  is  formed  &f',-..r  ultrashort  pulses  (nQ  - 
electron  density,  xQ  -  character?  rd J  c  dimension,  TQ  —  electron 
temperature).  With  the  aid  of  such  an  approximation  model,  the 
analytical  dependence  of  maxir.ur.  ion  temperature  on  the  initial 
parameters,  which  can  be  measured  experimentally,  has  been  found.  The 
simplifications  made  in  the  calculation,  consisting  of  the  arbitrariness 
of  nQ,  xQ,  Tq,  is  not  essential;  however,  it  considerably  facilitates 
the  analysis  of  the  possibilities  of  ion  heating. 

The  results  obtained  are  valid  for  plasma  which  is  freely 
expanding  into  a  medium  without  counterpressure  and  containing  a 
fixed  number  of  particles.  In  the  case  of  a  thick  target  (target 
dimensions  much  more  than  x^),  thi3  corresponds  to  conditions  under* 
which  it  3s  possible  to  disregard  the  energy  losses  to  electron 
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thermal  cond ■*  •t  I  vlty  *  Below  we  seu;?:  the  possible  role  of  thermal 
conductivity  arid  also  the  prepare  of  powerful  laser  emission  of 
ultrashort  duration;  calculations  are  mode  of  the  energy  and  duration 
of  the  emission  raise  from,  the  nlasma. 

II .  Experimental  Results 

1.  Heating  False 

As  a  source  of  ul.rashort  pulses  we  used  a  laser  on  neodymium 
glass  operating  in  the  soft-synchronisation  mode;  the  emission  wave¬ 
length  was  1.06  pm.  Ti  c-  laser  characteristics  are  described  in 
detail  in  [2]. 

The  repetition  intervals  of  ultrashort  pulses,  determined  by 
the  distance  between  the  generator  mirrors,  was  15  ns.  One  pulse 
was  separa’  1  from  a  pulse  sequence  by  a  special  shutter  with  a 
15  ns  opening  time.  Tills  pulse  was  then  amplified. 

As  a  result  of  examination,  it  was  found  that  an  individual  pulse, 
as  a  rule,  consisted  cf  several  peaks  (subpulses)  of  different 
intensities,  divided  by  different  time  intervals.  Furthermore, 
it  was  explained,  in  accordance  with  the  data  from  reference  [6], 
that  the  generation  time  structure  was  not  reproduced  from  burst  to 
burst.  Total  duration  of  the  laser  pulse  was  approximately  10  ns. 

In  this  case,  it  contained  several  peaks  with  the  average  interval 
between  them  1-2  ns.  This  time  was  determined  by  the  relative 
position  of  the  laser  components.  Total  energy  of  the  laser  pulse 
was  'vO.l  J  and  usually  was  greater,  the  larger  the  peaks  in  the  pulse. 
The  duration  of  an  individual  peak  can  be  assumed  to  fall  within  the 
interval  from  to  2.10-'*''*'  s.  The  lower  limit  was  obtained 

from  measurements  by  the  two-photon  luminescence  method,  and  the 
upper  limit  from  measurements  oy  an  image  converter  and  represents 
the  time  resolution  of  the  image  converter  tube.  It  should  be 
noted  that,  in  a  number  of  experiments  we  intentionally  attempted  to 
increase  the  number  of  peaks  in  a  laser  pulse  so  as  to  more  completely 
reveal  the  irregularities  in  the  formation  and  heating  of  piasma  under 
the  effect  of  ultrashort  pulses  on  a  solid  target. 
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2.  Shadow  Photography  of  Plasma  with 
Illumination  by  Ultrashort  Pulses 

Methods  of  shadow  photography  with  Illumination  by  laser  pulses 
of  ns  duration  have  been  developed  rather  thoroughly  [?].  In  our 
experiments  such  methods  were  used  as  they  applied  to  ultrashort 
pulses.  The  first  measurement  results  were  reported  in  £53- 
installation  diagram  Is  given  in  Pig.  I.  The  output  emission  of  the 
laser  passed  through  a  KDP  crystal  and  a  small  part  of  the  light  was 
transformed  into  a  quadratic  component  {wavelength  0.53  i»a)-  With 
the  aid  of  a  glass  plate  and  a  system  of  mirrors  the  area  near  the 
surface  of  the  target  was  translucent  with  green  light.  In  the  focus 
of  the  lens  with  f  *  200  raa  was  installed  a  blade  which  cut  off  part 
of  the  focal  point.  The  edge  of  the  blade  in  most  of  the  experiments 
was  directed  perpendicularly  to  the  surface  of  the  target.  In  tnis 
case,  after  the  laser  burst  a  Schlieren  photograph  of  the  plasma  was 
obtained,  on  which  areas  were  reproduced  with  the  refraction  gradients 
along  the  surface  of  the  target.  In  a  number  of  experiments  the 
blade  was  removed  and  shadow  photographs  of  plasma  were  obtained. 

The  image  was  recorded  after  a  system  of  filters  which  separated  the 
spectral  region  near  0.53  pm.  Such  filtration  was  used  to  reduce 
the  effect,  of  the  natural  emission  of  plasma. 


Pig.  1.  Experiments  in  the 
shadow  photography  of 
plasma  with  the  aid  of 
ultrashort  laser  pulses: 

I  -  KDP  crystals,  2  - 
mir*rov*,  3  -  target,  4  - 
len3,  5  —  blade,  6  —  fil¬ 
ters,  7  -  camera,  8  - 
glass  plates,  9  —  evacuated 
vessel,  10  -  calorimeter, 

II  —  photocell,  12  --- 
oscillograph. 

KEY:  (1)  Laser,  [mkm  r  im~j. 


Focusing  of  the  heating  emission  was  accomplished  by  a  len.  dll 
f  =  60  mm.  The  shape  of  the  burst  was  recorded  by  a  photocell  wit  . 
an  oscillograph  with  the  total  resolution  time  approximately  1  ns. 
Because  of  delay,  the  sounding  pulse  came  to  the  target  1.5  ns  after 
the  heating  pulse. 
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Figure  2a  depicts  a  3hadow  photograph  of  plasma  at  a  chamber 

-2 

pressure  of  io  torr.  We  obtained  the  image  of  a  zone  opaque  for 
light  with  wavelength  A  *  0.53  ym.  After  1.5  ns  uhe  edge  of  the  zone 
went  away  from  the  target  a  distance  of  1.5*10  cm,  which  corresponds 
to  a  rate  of  dispersion  perpendicular  to  the  surface  of  the  target  of 
1*10^  cm/s.  Due  to  the  dispersion  of  laser  light  on  the  hetero¬ 
geneities  of  neodymium  glass,  the  light  beam  of  the  quadratic 
component  wa3  inhomogeneous  in  cross  section.  In  the  photograph 
this  is  revealed  in  the  nonuniformity  of  the  background. 


Graphic  Not  Seprcducible 


Fig.  2.  Photograph  of  plasmas 
formed  by  ultrashort  laser 
pulses:  a)  plasma  expanding 
into  vacuum;  1.5  ns  after  the 
arrival  of  laser  pulse  on  tar¬ 
get,  shadow  photography;  b) 
the  same,  Schlieren  photography; 
c)  plasma  expanding  into  air 
at  a  pressure  of  7  torr, 
Schlieren  photograph;  the 
pressure  shock  front  is  seen 
48  ns  after  the  moment  of 
formation . 


The  image  in  Fig.  2b  is  the  Schlieren  photograph  of  plasma  with 
the  same  pressure  in  the  chamber.  The  rate  of  dispersion  of  the 
area  with  large  gradients  of  the  refractive  index  in  the  direction 
away  from  the  target,  averaged  for  the  first  1.5  ns  after  the 
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effect  of  the  pulse,  is  (1-2) *10  em/s 


Figure  2c  is  a  Schlieren  photograph  of  the  process  in  air  at  a 
pressure  of  7  torr.  In  this  burst  the  target  was  acted  upon  by  two 
pulses,  ^6  ns  apart.  The  front  of  the  shock  wave  induced  by  the 
plasma  and  formed  by  the  first  pulse  is  noticeable.  In  the  period 
47.5  ns  the  wavefroit  moved  away  from  the  surface  a  distance  of  2.3  mm; 
thus,  the  average  speed  is  5’106  cm/s.  The  velocity  of  the  pressure 
shock  front  in  a  direction  parallel  to  the  surface  of  the  target  is 
3 • 10°  cm/s. 
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The  presence  of  a  tint  structure  affects  the  results  of  the 

methods  used  differently,  tfith  shadow  photography  the  opaque  range 

of  plasma,  formed  by  any  one  sub^ulse,  is  recorded,  (hi  the  Schlieren 

photograph  of  plasma  the  total  effeet  of  all  subpuliies  is  observed 

and  the  image  can  consist  of  a  series  of  stripes.  In  the  latter  case,, 

the  processing  of  large  numbers  of  photographs  makes  it  possible  to 

7 

s*ate  that  a  velocity  of  10*  cm/a  is  characteristic  for  the  conditions 
of  our  experiments. 

3.  The  Pho tore gist ration  of  Plasma 
Dispersion  with  the  Aid  of  an 
Image  Converter 

Shadow  procedures  give  the  image  of  plasma  at  a  fixed  time. 

The  continuous  observation  of  the  plasma  process  is  possible  **hen 
using  the  slotted  scan  method  on  an  image  converter  tube.  However, 
in  this  case.  Instead  of  two-dimensional  registration,  we  obtain 
cne-dlmensional.  Therefore,  the  shadow  and  image  converter  methods 
supplement  each  other. 

The  installation  diagram  is  given  in  Fig.  3.  'Hie  part  of  the 
laser  pulse  diverted  from  the  beam  by  the  glass  plate  was  directed 
to  the  photocell  starting  the  image  converter  tube.  The  remaining 
emission  passed  through  the  light  delay  system  (corresponding  to 
image  converter  starting  delay)  built  on  full  Internal  reflection 
prisms  and  was  focused  on  the  target.  Pressure  in  the  chamber  where 
the  target  was  located  could  be  varied  from  5*10  3  to  5*10  torr. 

A  plasma  image  in  the  necessary  spectral  range  was  built  up  on  the 
image  converter  entrance  slits  with  the  aid  of  a  lens.  In  a  series 
of  tests,  along  with  plasma  illumination  laser  pulse  scanning  was 
performed.  In  this  case,  the  pulse  was  directed  to  the  image 
converter  tube  with  the  aid  of  a  glass  plate  and  mirror  through  the 
filter. 

The  scanning  rate  of  the  image  converter  tube  could  be  changed 
in  stages  from  10^  to  1.5*10^  cm/s  [Translator’s  Note.  The  value  of 
this  exponent  is  not  certain  as  this  figure  is  extremely  blurred  in  the 
original  document.].  The  instrument  had  a  light  amplification  of 
(2-3) *10  .  Time  resolution  could  reach  2*10  s  [8]. 
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Pig.  3.  The  photoregistrafcion  of 
divergence  with  an  image  converter 
tube:  1  -  Internal  reflection; 

2  —  diaphragm;  3  —  lens ;  4  -  tar¬ 
get  ;  5  —  photoreglatratlon  1 - 
Image  converter  tubes;  6  —  i  ass 
plates;  7  —  photocells;  8  — 
mirror;  9  —  calorimeter;  10  — 
filters . 


Figure  4a  gives  the  photograph  or  the  scan  of  plasma  radiation 
in  the  blue-green  range  of  the  spectrum  (filter  SZS-22) .  The 
entrance  slits  of  the  image  converter  tube  wei'C  oriented  perpendicu¬ 
larly  to  the  surface  of  the  target.  A  series  effect  of  3  pulse? 
with  an  interval  of  4  ns  is  noticeable.  By  the  angle  formed  by  the 
boundary  of  the  area  of  noticeable  brightness  and  by  the  direction 
of  the  axis  of  the  time  profile  we  can  determine  velocity.  From 
the  third  pulse  velocity  is  (1.2  ±  0.2) *10^  cm/s.  The  propagation 

«7 

velocity  of  brightness  toward  the  laser  varies  from  0.8*10'  to 
1.5*10^  cm/s  from  test  to  test.  During  dispersion,  powerful  plasma 
radiation  is  maintained  in  a  small  area  which  moves  from  the  target 
with  the  velocity  <3*10°  cm/s.  This  area  extends  0.2  mm  from  the 
target,  which  approximately  coincides  with  the  spatial  resolution 
of  the  camera. 


Fig.  4.  Tracings  of 
plasma  dispersions  on  the 
image  converter  tube 
(target  acted  upon  by 
several  ultrashort  laser 
pulses):  a)  plasma 
radiation  scan;  b)  photo¬ 
scan  of  plasma  dispersion 
in  scattered  laser  light 
(scattering  angle  *90°). 

KEY:  (1)  ns. 


Graphic  Not  Reproducible 
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Figure  4b  is  a  photograph  of  laser  light  scattered  on  a  target, 
obtained  with  an  Interference  filter  100  A  wide.  It  is  evident  that 
intense  dispersion  at  a  90°  angle  occurs  in  an  area  M).?  b-_  in  length. 
This  area  coincides  with  the  area  of  intense  brightness  (Fig.  4a) 
and  soves  with  the  sane  velocity  (3*10^  cm/s).  The  leak  vertical 
stripe  in  Fig.  4b  has  been  caused  by  the  dispersion  of  laser  emissions 
from  the  plasma.  With  the  sensitivity  of  the  inage  converter  tube  . 
to  ultrashort  pulses  experimentally  established,  it  was  possible  to 
evaluate  the  energy  of  diffuse  elimination.  It  was  equal  (assuming 
Isotropy)  to  a  value  comparable  with  total  pulse  energy. 

Analysis  of  results  shows  that  the  heating  and  dispersion  of 
plasma,  which  are  observed  on  the  image  converter  tube,  can  be 
presented  according  to  the  diagram  in  Fig.  5.  In  general,  three 
stages  of  the  process  are  observed.  The  first  stage  lasts  3  ns. 

In  this  stage,  plasma  is  expanded  with  relatively  low  velocity 
(3*106  cm/s)  and  laser  emission  strongly  disperses .  Both  the  first 
and  subsequent  pulses  falling  on  the  target  during  this  time  have  no 
noticeable  increase  In  velocity  of  dispersion.1  ' 

Fig.  5.  Plasma  dispersion 
during  registration  with  image 
converter  tube,  a)  tl’ae  depend¬ 
ence  of  laser  pulses;  b)  scan  of 
plasma  self- luminescence;  c) 
time  dependence  of  laser  emis¬ 
sions  scattered  at  an  angle  of 
90°;  Ut  -  slit  position;  M  - 
boundary  of  target. 

KEY:  (1)  ns. 
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If  the  pulse  comes  3  ns  later,  it  has  a  strong  increase  in 
velocity  ( 10  cm/s).  The  second  stage  of  the  process  is  beginning. 


*In  this  case,  by  pulses  we  mean  subpulses  (peaks)  of  the  total 
laser  pulse. 
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Pulses  which  arrive  during  this  stage  with  a  duration  of  4  ns  are 
dispersed  more  weakly  than  the  previous  ones.  They  give  an  additional 
rise  in  dispersion  velocity;  however,  the  numerical  value  of  this 
Increase  is  difficult  to  determine  from  photographs. 

Finally,  if  an  additional  pulse  arrives  7  ns  after  the  initial 
moment,  it  marks  the  beginning  of  a  new  "triangular"  dispersion. 

If  pulses  continue  to  arrive  on  the  target,  the  picture  observed  on 
the  image  converter  repeats  with  a  period  of  4  ns.  Throughout  the 
process  (10-20  ns)  the  area  of  powerful  dispersion  which  coincides 
with  the  zone  of  intense  brightness  moves  away  from  the  target  at  a 
velocity  of  less  than  S3 *10^  cm/s.  Between  this  area  and  the  target 
surface  weak  brightness  is  observed  (Fig.  5b). 

4.  A  Study  of  the  Time  Dependence 
of  Laser  Pul3e  Reflection 

The  emergence  of  a  powerful  reflection  of  laser  emission  when 
focusing  ultrashort  pulses  on  a  target  has  already  been  noted  [1,  2]. 
Total  energy  in  the  reflected  light  can  reach  30)1  [2]  and,  conse¬ 
quently,  is  essential  in  the  energy  balance  of  plasma  heating.  A 
study  of  reflection  is  important  not  only  from  the  point  of  view  of 
decreasing  this  detrimental  effect  and  increasing  the  efficiency  of 
heating,  but  can  also  throw  light  on  the  processes  which  occur  in 
plasma . 

The  time  dependence  of  reflection  was  determined  with  the  same 
image  converter  tube  used  in  the  above  studies .  The  installation 
diagram  is  given  in  Fig.  6.  Part  of  the  laser  emission  was  deflected 
by  the  glass  plate  to  the  photocell  starting  the  image  converter 
tube.  After  a  light  delay  of  15  .*•-  the  basic  emission  was  focused 
on  the  target  in  a  vacuum  of  10*  torr  [Translator's  Note.  The 
exponent  *  here  is  illegible  in  the  original  document.].  Direct  and 
reflected  emission  was  collected  with  the  aid  of  lenses  on  small 
reflectors  coated  with  magnesium  oxide.  The  light  scattered  on  the 
reflectors  was  directed  to  different  parts  of  the  input  slot  of  the 
image  converter  tube.  The  optical  paths  of  rays,  in  this  case,  were 
thoroughly  shielded  from  each  other.  Registration  was  carried  out 
at  image  converter  scans  of  80.20  and  3-5  ns. 


Pig.  6.  Experiment  on  time 
dependence  of  reflected  laser 
pulses:  1  -  glass  plates;  2  - 
total  reflecting  prisms;  3  -  fil¬ 
ters;  H  —  lens;  5  —  mirrors;  6  - 
light  proof  screen:  7  -  magnesium 
oxide  reflectors;  8  -  diaphragms ; 

9  -  target;  10  -  moving-image 
camera  with  image  converter  tube; 
11  -  photocells;  12  -  calorimeter. 


In  preliminary  experiments  it  was  established  that  reflection 
from  plasma  exceeds  parasitic  dispersion  (reflection  from  the  lens 
and  the  window  of  the  evacuated  vessel)  by  approximately  2-3  orders. 
The  simultaneous  scan  of  incident  and  reflected  laser  emissions  is 
shown  in  Pig.  7.  The  first  two  pulses  (peaks)  0.3  ns  apart  (Pig.  7b), 
are  reflected  more  intensely  than  subsequent  ones.  The  degree  of 
reflection  noticeably  varies  between  1  and  3  ns  from  the  beginning  of 
peaks  (between  the  first  and  second  groups).  Ve  can  also  note  that 
within  the  weaker  reflection  stage  a  direct  relationship  is  not 
observed  between  the  Intensity  of  reflected  light  ami  the  intensity 
of  Incident  light.  Some  pulses  are  reflected  more  weakly  and  others 
more  powerfully.  Sometimes  present  in  reflected  emissions  are  pulses 
which  are  so  weak  in  the  incident  radiation  that  they  do  not  appear 
on  the  photographic  film.  In  Pig.  7a  the  number  of  pulses  in  the 
incident  radiation  is  less  than  it  is  in  Pig.  7b.  The  character  of 
the  reflection  is  th^  same;  the  first  pulse  is  reflected  more  power¬ 
fully  than  subsequent  ones.  In  this  case.  It  is  possible  to  determine 
that  the  degree  of  reflection  varies  noticeably  during  the  time  of  the 
first  pulse,  which  does  not  exceed  H  ns. 

Sometimes  in  incident  radiation  the  first  peaks  have  so  little 
of  the  total  laser  pulse  energy  that  they  are  not  visible  on  photo¬ 
graphic  film.  According  to  estimations,  their  energy  does  not  exceed 
10"3  J.  Such  peaks  are  recorded  in  the  channel  for  reflected 
emission  because  the  sensitivity  of  this  channel  is  higher.  In  this 
case,  the  reflection  of  the  first  incident  pulse  Being  recorded  on  the 
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film  usually  decreases.  With  powerful  defocusing  (an  increase  in  the 
dimensions  of  the  focal  point  to  1  mm)  the  degree  of  reflection  was  n^t 
changed  noticeably  during  10-20  ns. 


Fig.  7*  Traces  of  laser  emission 
(two  cases):  upper  path  —  the 
incident  lsser  pulse;  lower  path  - 
the  reflected. 

KEY:  (1)  ns. 


It  is  interesting  to  note  that  when  focusing  into  air  at  atmos¬ 
pheric  pressure,  reflections  from  a  spark  could  not  be  registered, 
which,  apparently,  is  connected  with  the  low  density  of  the  plasma 
formed.  Therefore,  it  was  possible  to  use  a  sample  In  air  In  our 
experiments  in  order  to  check  the  correctness  of  camera  operation  and 
the  absence  of  parasitic  reflexes. 

5.  X-ray  Measurements  of  the 
Electron  Temperature  of  Plasma 

The  rate  of  dispersion,  whose  measurement  was  the  basic  purpose 
of  the  procedures  discussed  in  Section  II,  §5  2  and  3,  is  finally 
determined  by  the  Initial  plasma  temperature.  The  direct  determination 
of  electron  temperature  Tg  was  carried  out  by  measuring  the  ratio  of 
the  X-ray  continuum  intensity  into  adjacent  spectral  regions  separated 
by  thin  foil  (see,  for  example,  [9]).  In  that  part  of  the  spectrum 
where  the  emission  is  bremsstrahlung,  the  transmission  of  thin  foil 
and  thin  films  of  various  materials  can  be  calculated  [10].  This 
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method  has  even  been  used  when  the  recombination  continuum  predominates 
In  the  radiation  since  the  dependence  of  intensity  I  on  frequency  v 
in  both  cases  has  the  same  form:  (— The  necessary 

conditions  for  measurement  correctness  is  the  absence  of  line  emission 
in  the  investigated  spectral  ranges.  In  our  case  this  was  ensured 
by  checking  the  chemical  analysis  of  the  target .  Line  emission  does 
not  fall  in  the  pass  band  of  beryllium  filters  used  in  the  experiments 
if  the  atomic  number  of  the  admixture  is  Z  <  9*  The  portion  of  admix** 
tures  with  Z  >  8  in  the  lithium  deuterlde  we  used  was  a  quantity  <0.12. 

Hie  diagram  of  the  experiment  is  presented  in  Pig.  8.  A  lens 
with  f  *  60  mm  focused  laser  emission  on  the  target  which  was  located 
In  a  vacuum  of  10” ^  torr.  The  X-ray  radiation  through  beryllium  windows 
15  mm  in  diameter  with  the  aid  of  plastic  scintillators  was  recorded 
by  photomultipliers.  Hie  scintillators  were  made  from  polystyrene 
with  p-terphenyl  and  POPOP  added;  de-excitation  time  was  *i»2  ns.  The 
ELU-FT  photomultipliers  had  gain  factors  of  10®  and  10®  j  their  time 
resolution  was  5  ns.  Signals  from  the  photomultipliers  were  fed  to 
the  input  of  a  wide-band  dual-trace  oscillograph.  On  anotner  oscillo¬ 
graph  with  the  aid  of  a  photocell  the  laser  pulse  was  monitored  with 
a  time  resolution  of  1  ns. 

Fig.  8.  Measurement  of  electron 
temperature  of  plasma  with  respect  to 
X-ray  emission:  1  -  lens;  2  —  tar¬ 
get;  3  —  beryllium  filter;  4  - 
scintillator;  5  —  photomultiplier; 

6  -  photocell;  7  —  calorimeter;  8  - 
glass  plates;  9  -  diaphragm;  10  ~ 
oscillograph. 


Before  measurements  it  was  established  th^ -  the  contribution  to 
the  signal  of  hard  X-ray  radiation  as  a  result  of  the  bremsstrahlung 
of  rapid  electrons  on  the  chamber  walls  [2]  could  be  disregarded.  For 
this  the  direct  X-ray  radiation  of  plasma  from  the  target,  in  one 
registration  channel,  was  shielded  by  polyethylene  0.8  mm  thick.  On 


another  channel*  where  changes  were  not  made,  the  experimental  condi¬ 
tions  were  controlled.  Such  a  scheme  ser*.ed  to  check  protection  of  th, 
computers  from  the  visible  radiation  of  the  plasma  since  polyethylene 
is  transparent  for  the  visible  spectrum.  As  a  result,  it  was  found  that 
the  emission  from  the  walls  did  not  exceed  the  threshold  of  camera 
sensitivi ty. 

The  relative  sensitivity  of  channels  was  determined  from  a 

comparison  of  signals  obtained  when  using  a  filter  of  the  same  thick- 

2 

ness  (15  mg/cm  ).  During  measurements  the  filter  thickness  in  one  of 
the  channels  was  doubled.  Flasma  temperature  was  determined  with 
calculations  performed  in  [10]. 

Experiments  showed  that  the  pulse  duration  of  X-ray  radiation 
was  5  ns,  i.e.,  it  was  determined  by  time  resolution.  For  laser 
pulse  energy  of  0.1-0. 3  J,  T..,  determined  on  the  assumption  of 
Maxwellian  form  of  electron  distribution  function,  varied  from  140  to 
220  eV  for  a  main  value  of  180  eV.  This  corresponds  to  filter  pass 

O 

band  from  4.5  to  10  A.  In  the  channel  where  a  fine  filter  wa&  used 
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and  a  photomultiplier  with  a  gain  factor  of  10  ,  the  mean  value  of 
anode  current  was  1  A.  For  instance,  for  a  specific  burst  with  pulse 
energy  0.2  J  the  average  anode  current  of  the  photomultiplier  was 
0.45  A  and  the  temperature  Tg  ■  180  eV. 

The  solid  angle  at  which  the  scintillator  was  observed  from  the 
plasma  region  was  0.2  sr.  The  transmission  of  the  beryllium  filter 
15  mg/cm  was  5*10-J  [11].  After  producing  a  rough  evaluation  of  the 
conversion  effectiveness  of  the  scintillator  and  photoelectric  cathode 
(number  of  photoelectrons  per  1  keV  of  X-ray  photons  in  the  pass  band 
of  the  filter)  according  to  [12],  we  obtain  radiant  energy  passing 
through  the  filter  to  the  scintillator  on  the  order  of  10  erg  and, 
consequently,  the  total  energy  of  bremsstrahlung  radiated  by  plasma 
in  different  directions  is  on  the  order  of  10^  erg.  This  estimate  lays 
no  claim  to  accuracy.  However,  it  will  be  of  use  when  evaluating 
n^Xg  (see  Section  III,  paragraph  1)  because  of  the  low  dependence  of 
radiant  energy  upon  plasma  concentration. 


1.4 


III.  Discussion  of  Experimental 
Results 

1.  Let  us  sake  a  short  review  of  the  basic  laboratory  findings 
after  emphasizing  that  the  Obtained  results  relate  to  laser  pulses 
which  consist  not  of  one  but  of  several  peaks  (subpulses).  Experiments 
show  that  interaction  of  every  subpulse  with  a  target  is  not  the  same 
but  depends  upon  the  previous  history  and  time  of  the  peak  sequence 
relative  to  the  beginning  of  the  process.  At  the  initial  Moment 
we  should  assume  the  arrival  of  the  first  pulse  (peak)  at  the  target. 

Prom  the  results  obtained  it  follows  that  the  first  pulses  : 
(following  in  3  ns)  form  the  plasma  which  moved  away  at  a  low  (3*10^ 
cm/s)  velocity  (see  Section  II,  S  3,  and  Fig.  5).  At  approximately 
the  same  time  we  observe  the  intense  reflection  of  laser  emission  at 
an  angle  of  l8c°  and  lateral  dispersion  (the  reflection)  at  an  angle 
of  90°  to  the  direction  of  the  Incident  beam.  A  small  fraction  of  the 
total  energy  is  spent  on  the  formation  of  the  initial  plasma.  This 
is  apparent  from  the  fact  that  the  first  pulses  with  initial  energy 
10'2-10“3  J  are  recorded  on  the  photographic  film  in  the  emission 
reflected  at  an  angle  of  180°.  For  comparison  let  us  say  that  in 
order  to  ionize  and  heat,  to  a  temperature  of  several  electron  volts, 
a  layer  of  the  target  with  an  area  equal  to  the  area  of  the  focusing 
spot  (3*10  cm  )  and  a  thickness  equal  to  the  wavelength  of  laser 
emission  (M.  ym),  it  is  necessary  to  expend  energy  on  the  order  of 
1CT3  J. 

After  3  ns  the  possibility  arises  of  further  heating  the  plasma 
This  is  indicated  by  the  high  dispersion  rate  of  the  plasma  (up  to 
1.5*10^  cm/s)  observed  during  the  registration  of  plasma  brightness 
on  the  ima^e  converter  tube  as  well  as  in  shadow  photographs .  Further¬ 
more,  a  noticeable  decrease  in  intensity  of  laser  emission  reflected 
at  angles  of  180  and  90°  is  noticed.  In  4  ns  the  pulses  arriving  at 
the  target  are  absorbed  by  the  hot  plasma  which  has  been  formed,  as 
is  apparent  in  Fig.  4.  After  7  ns  (if  the  next  pulse  arrives)  on  the 
image  converter  tube  we  observe  the  formation  of  a  new  portion  of 
high-temperature  plasma  which  moves  away  at  a  velocity  of  1*10^  cm/s. 


15 


If  pulses  continue  to  enter  the  target,  the  pattern  is  repeated  with 
a  period  of  H  as. 

During  the  entire  process ,  a  layer  of  slowly  (3*10®  cm/5)  dis¬ 
persing  plasna  is  observed  near  the  target,  ©*is  is  indicated  by 
photographs  of  both  the  plasaa  radiation  scan  and  the  latera.'  dispersion 
(reflection)  scan. 

the  X-ray  measurements  of  the  electron  tes^erature  of  the 
plasaa  give  a  Bean  value  of  180  eV.  Under  such  conditions  electron- 
ion  relaxations  will  be  able  to  occur  for  substantial  gas-dynamic 
expansion  (see  section  V)  and,  therefore,  a  recalculation  of  the 
•Initial  electron  temperature  (ri^cht  after  the  arrival  of  the  pulse 
which  gives  the  high-teaperature  heating)  leads  to  a  value  of  Tq  *  270 
eV.  Determining  the  electron  temperature  fro*  the  dispersion  rate 
observed  froa  the  image  converter  tube  and  bhadotr  photographs  gives  a 
value  of  Tq  -  70-160  eV  (see  formula  (16)3* ,  As  has  already  been 
mentioned,  these  Measurements  were  made  on  different  laser  bursts; 
therefore,  it  is  natural  to  assume  that  the  difference  obtained  was 
caused  by  the  difference  in  the  parameters  of  laser  emission. 

The  longitudinal  dimension  xQ  of  hot  plasma  at  the  initial  moment 

can  be  determined  from  the  dispersion  of  the  glowing  region  in  its 

own  and  the  reflected  light  of  the  laser,  scattered  at  an  angle  of 

"90°  to  the  incident  beam.  The  value  of  r„  S  On  the  other 

hand,  from  the  shadow  and  Schlleren  photographs,  which  give  an  idea 

of  the  dimensions  of  the  region  occupied  by  rather  dense  plasma 

—2 

cm we  obtained  xp  =  (1-2)  *10  cm.  The  same  values  are 
obtained  if  we  take  into  account  the  total  energy  of  X-ray  radiation 
(see  Section  II,  $  5).  This  energy  is  proportional  to  the  product  of 
n0Vo,  where  VQ  Is  the  Initial  volume  of  hot  plasma.  Since  the  radius 
of  the  focal  point  is  known  we  obtain,  with  the  aid  of  the  formulas 

IQ 

below  (20),  (28),  an  estimated  yalue  of  nQx0  s  10  7  cm  which,  when 

_  _p  21 

xQ  -  10  '  era,  corresponds  to  nQ  ~  10  era  .  A  layer  of  the  solid 
target  with  a  thickness  approximately  equal  to  the  wavelength  of  the 
laser  emission  becomes  hot  plasma. 


16 


2.  Ob  the  basis  of  the  mpwrinartal  data  discussed.  the  following 
model  of  Uw  rormtlon  and  dispersion  of  ths  plasm  under  the  offset 
of  several  ultrashort  Intense  laser  poises  eet  a  target  is  the  aost 
probable  nodel?  A  —all  part  of  ths  —ergs'  1»  the  first  poise  go¬ 
to  the  single  initial  Ionisation  of  the  llthi—  deutsrlda  layer  with 
a  thickness  of  Aa  order  equal  to  the  wavelength  of  laser  evasion. 
Slnultaneoasly  with  the  ionisation  there  occurs  a  heating  of  the 
fenasd  plasm  to  a  teapera turn  of  several  electron  volts.  Further 
teaperatare  rise  la  halted  due  to  the  fact  that  plasm  frequency 

'  £13  J  rapidly  be— mm  greater  than  the  frequency  «  of  the 

J'tser  light.  Bee— ee  of  this,  the  remising  part  of  the  pulse  is 
effectively  reflected. 

The  Initial  plasm  fo—sd  novea  —ay  relatively  slowly.  Suhse~ 
quent  ultrsehort  pulses  ceatlnoe  to  be  strongly  reflected  until 
particle  density  due  to  expansion  falls  to  a  aagnltude  detemlned  by 
the  condition 

.  <» 

where  z  la  the  average  nuaber  of  electrons ,  talcing  ,  into  account  one 
aton  of  the  parent  substance  of  the  target,  and  »  Is  the  total 
density  of  atom  and  Iona. 

At  the  nomnt  when  plasm  density  falls  to  the  values  determined 
by  (1).  laser  puls—  begin  to  be  effectively  absorbed,  forming  high- 
tenperature  plasm  which  novas  away  with  high  velocity.  The  portion 
of  reflected  light  noticeably  decreases.  For  a  certain  period  of 
tine,  the  hot  plasm  forned  is  nontransparent  for  laser  emission. 

After  transparency  sets  In,  the  next  laser  pulse  penetrates  again  to 
the  target  and  ferns  a  new  portion  of  high-temperature  plasm. 


_£» 
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The  observed  reflection  of  the  first  pulses  at  an  angle  of  180° 
and  dispersion  at  an  angle  of  90°  to  Incident  emission  are  apparently 
part  of  one  and  the  sane  process,  the  reflection  which  appears  upon 
the  breakdown  of  condition  (1).  The  experimental  data  show  that  the 
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character  of  reflection  for  targets  -f  lithium  deuteride  (obtained 
by  compression)  does  not  differ  greatly  from  isotropic;  however,  tne 
first  pulse  is  reflected  in  a  smaller  solid  angle. 

Prom  the  data  it  follows  that  upon  focusing  ultrashort  pulses 
with  energy  of  0.1  J,  a  noticeable  variation  is  not  observed  in  the 
condition  of  the  reflection  of  light  from  plasma  when  uip  >  ui. 

IV.  Emission  and  Thermal  Conductivity 
of  Plasma.  An  Evaluation  of  the 
Effect  of  Laser  Emission  Pressure 

1.  Thermal  conductivity,  leading  to  an  additional  increase  in 
the  number  of  heated  particles,  can  play  a  substantial  role  in  the 
high-temperature  heating  of  plasma  by  laser  pulses.  In  our  case,  we 
can  disregard  radiant  thermal  conductivity  since  plasma  is  optically 
fine,  and  assume  that  the  basic  mechanism  for  the  heat  transfer  is 
electronic  thermal  conductivity.  We  shall  also  assume  that  the  initial 
heating  of  electrons  from  temperature  TQ  occurs  in  a  finite  domain 
with  dimension  and  then  this  region  is  expanded  because  of  thermal 
conductivity.  Near  the  front  of  a  thermal  wave,  as  is  known  (see, 
for  example,  [14]) 


(2) 


where  x,  is  the  coordinate  of  the  front  of  the  thermal  wave. 
<P 


Let  us  substitute  T  (x,  t)  into  the  heat  equation: 

6 


5  dT,  _  d  -pS/idT, 
o  n'  .7  ~a  fa  dx* 


T 


-  50 

where  a  ~  10  CGS  units;  Tg  is  in  ergs. 


(3) 


Passing  to  the  limit  x  •*  x^  and  integrating  the  obtained  expres¬ 
sion,  while  taking  into  account  the  law  of  conservation  of  energy, 
under  boundary  conditions  t  =  0,  =  xQ,  we  find 
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where  Q  is  the  plasma  energy  in  erg  when  t  *  0  j  S  is  the  area  of  the 

focusing  spot  of  the  laser  emission  on  the  surface  of  the  target  in 
2 

cm  . 


Maximum  propagation  velocity  for  the  thermal  wave  is 

l0"  (4)W  M""-  (5> 


Equating  this  velocity  with  the  asymptotic  velocity  of 
plasma  dispersion  Oni=0ZTl/«<),/*,*  we  obtain  the  relationship,  which  is 
virtually  independent  of  the  form  of  xons. 


77=  1,5. 10-w  («,.*/*  keV.  (6) 

Thermal  conductivity  during  dispersion  and  relaxation  of  plasma 
can  be  disregarded  if  T,<To>  If  it  is  necessary  to  take 

thermal  condueitvity  into  account.  At  nQxQ  «  10  ^  cm  temperature 
77  =  500  eV;  therefore,  for  our  case,  we  may  disregard  thermal  con¬ 
ductivity. 

2.  Let  us  examine  the  regularities  of  plasma  emission  during 
dispersion.  For  lithium  deuteride,  plasma  emission,  beginning  with 
VLOO  eV,  is  basically  bremsstrahlung  (see,  for  example,  [143).  At 
lower  temperature,  recombination  emission  predominates. 

The  need  to  examine  the  emission  process  is  connected  with  the 
following  facts.  In  the  first  place,  the  essence  of  one  of  the 
experimental  methods  —  the  X-ray  method  -  lies  in  the  measurement  of 
radiant  energy  in  certain  sections  nf  the  spectrum  (see  Section  II, 
§5).  In  this  case,  integration  in  time  occurs  because  the  emission 
pulse  duration  is  shorter  than  the  time  which  can  be  resolved  by  the 
metering  arrangement.  In  the  second  place,  it  will  be  necessary  to 
account  for  emission  In  the  calculations  of  electron-ion  relaxation 
(see  Section  7) . 


19 


The  intensity  of  the  brerasstrahlung,  which  we  shall  examine 
subsequently,  is  described  by  the  following  expression  [193: 

lj~ erg/cm^*3.  (7) 

Emission  can  be  considered  three-dimensional  if  the  mean  free 
path  l of  the  braking  quanta  in  the  plasma  [14] 

l,53.|0».Ji  «. 

(where  T  is  expressed  in  degrees  Kelvin)  is  a  much  more  character- 
.istic  dimension  of  plasma  x,j.  We  will  consider  this  condition  to  be 

fulfilled.  For  instance,  for  lithium  deuteride  at  T_  *  200  eV, 

21  -3  e 
ng  =  10  cm  ,  calculation  shows  that  /,  »3,6*  I05  ^>x4wl0'a  c«.  We  will 

also  examine  temperature  Tg  5  100  eV  and  assume  the  plasma  to  be 

fully  ionized. 

-11  -12 

In  pulse  action  time  t  =  10  -10  s,  electrons  heated  to  a 

temperature  of  Tg  £  100  eV  cannot  transmit  any  substantial  portion  of 
their  energy  to  ions.  Equalization  time  for  electron  and  ion  tempera¬ 
tures  is  [13] 


3 _ wi T}'* 

8  \,rin  m\  V«|Z*  li.  A 


(8; 


where  ln.t«5  is  the  Coulomb  logarithm.  For  lithium  deuteride  at 
20  -3 

=  5 ’10  cm  J  and  T  =  200  eV,  this  time  10-‘u  s.  Consequently, 

©  © 

condition 


T»<3>T 


(9) 


is  fulfilled  throughout  the  range  of  temperatures  In  question. 

Thus,  initially,  we  have  plasma  occupying  volume  VQ  with  electron 
concentration  and  electron  temperature  TQ .  Considering  (9)>  we 
obtain  r4«~o”0 
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Plasma  at  the  moment  of  formation,  as  well  as  during  dispersion. 
Is  not  uniform.  Its  temperature  and  density  are  characterised  by  a 
certain  spatial  distribution.  Ve  do  not  consider  this  distribution 
and  we  examine  the  values  of  the  parameters  averaged  throughout  the 
volume.  On  the  one  hand,  this  Is  done  because  the  Initial  density  and 
temperature  profiles  are  known;  on  the  other  hand,  the  majority  of 
experimental  procedures  (including  those  described  above)  give  plasma 
characteristics  averaged  by  volume. 

Let  us  first  examine  two-dimensional  plasma  dispersion,  i.e., 
when  the  thickness  of  the  plasma  layer  x  «  d,  where  d  is  the 
diameter  of  the  focusing  spot.  Let  us  take  the  following  designations 
-n  *  Zn^  (Z  is  the  average  ion  charge),  M  is  the  average  mass  of  ions. 
For  lithium  deuterlde  2«2,  M»4%  where  is  the  atomic  mass  of 
hydrogen.  From  the  equation  of  motion  for  the  plasma  volume  as  a 
whole 


FdV  —  dEtutt 


(10) 


where  the  pressure  of  plasma;  n—njcjx;  V  —Sjt.  s  is  the 

area  of  the  heated  surface;  Euuu  is  the  energy  of  the  directed  motion 
of  ions  (contribution  of  electrons  'Wbl./M);  after  substitution,  we 
obtain  the  equation  of  motion  in  the  calculation  for  one  ion: 

ZT^Ti-^Mxx,  (11) 

Here  and  subsequently  the  COS  system  of  units  is  used;  T  —  in  ergs 
(with  the  exception  of  specifically  stipulated  cases),  *,  x  are  the 
time  derivatives. 

The  law  of  conservation  of  energy  is  written  in  the  form 

-T  Tr(ZT'+T*)=Tlii*'+W'  (12) 

where  l(t)  is  emission  Intensity  in  the  calculation  of  one  ion. 

Taking  into  account  (7),  expression  (12)  assumes  the  following  form: 
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The  solution  of  equations  <11)— ( 13)  gives  the  following  results. 
If  we  designate  by  Qq  the  energy  released  in  plasma  at  moment  t  *  0 
and  by  Erfl  the  kinetic  energy  of  directed  motion  of  ions  with 
t  •*  ®,  then  EtsJQo^HT^rtiXc)  at  the  given  values  of  Z  and  M,  when 

faia/Q**1!— (i'la/Qa).  In  Pig.  9  the  solid  curve  illustrates  this  dependence 
for  lithium  deuteride  in  the  case  of  two-dimensional  dispersion.  For 
other  values  of  Z  and  M,  scale  T0/nQx0  is  multiplied  by  (Z*/I0)  (M//«h),s. 
The  approximate  solution  of  the  spherical  case  is  carried  out 
similarly. 


Pig.  9.  The  dependence  of  the 
ratio  of  the  energy  of  the  asymp¬ 
totic  motion  of  plasma  E_ „  to  the 

total  energy  of  the  laser  pulse 
Qq  applied  to  the  plasma  on  the 

initial  parameters  of  the  limited 
(without  thermal  conductivity) 
plasma:  temperature  TQ,  density 

nQ  and  thickness  xQ  (radius  rQ). 

1  —  spherical  dispersion;  2  — 
two-dimensional  dispersion. 

KEY:  (1)  rel.  unit;  (2)  eV/cnf2. 
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For  lithium  deuteride  at  nQx0  *  10  y  cm  and  TQ  »  200  eV  the 
losses  to  radiation  are  small,  which  is  also  confirmed  by  experiment 
(see  Section  II,  §  5),  For  the  prescribed  value  of  S,  the  total 
number  of  heated  particles  ,V=n0*o;  therefore,  as  can  be  seen  from 
Fig.  9,  the  role  of  emission  increases  with  an  increase  in  N  when 
Tq  Is  constant,  and  when  N  =  const  it  decreases  with  an  increase  In 

V 

Without  allowing  for  emission  for  flat  and  spherical  dispersion, 
it  is  possible  to  obtain  the  following  expressions; 


7\+J-7W. 


1/2 
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(14) 

(15) 


(16) 

(17) 


fW-j- Jir—r. 


Unlike  two-dimensional  dispersion,  in  spherical  dispersion  when 
r/rQ  -  3-4,  plasm  temperature  falls  by  one  order  and  dispersion  rate 
is  close  to  asymptotic. 

3.  Let  us  examine  the  features  of  plasm  emission.  For  this 
we  will  return  to  the  dependence  graphically  presented  in  Fig.  9.  It 
is  possible  to  see  that  in  the  region  where  £a*>Q*  total  radiant 
energy  is  determined  with  great  error.  In  this  case,  which  occurs 
in  the  experiment,  emission  and  gas-dynamic  dispersion  are  Independent 
processes.  The  breosst rah lung  energy  from  plasm  takes  the  form 

(18) 


Assuming  that  electron  and  ion  temperatures  equalize  before  the 
basic  component  of  radiant  energy  is  illuminated,  with  the  aid  of 
(16)  and  (17)  we  have  obtained  the  following  expression  for  the  time 
dependence  of  bremsstrahlung: 

(19) 

where  A  is  a  constant  depending  upon  initial  conditions;  w--[  ~i-\  t. 

\  Airi  i 

It  is  assumed  that  plasma  at  the  initial  moment  has  a  density  of 
ng  ■  nQ  and  temperature  Tg  ■  TQ,  while  we  examine  dispersion  of  a 

hemisphere  with  initial  radius  rrt,  which  is  determined  from  condition 

2  u 
S  *  irr0  where  S  is  the  area  of  the  focusing  spot. 

The  total  energy  radiated  by  plasma  does  not  depend  upon 
temperature : 


/e4,(oc)«,4>0.10-** 


SZM'11  (yt)» 

FiTZ 


(£0) 
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For  lithium  deuteri de  with  spherical  dispersion  and  initial 
parameter  determined  from  experiment  («✓,<=» io»  c*-*).  we  obtain 
erg. 


The  decrease  in  emission  d!ldt~lH\-yw*)*  and,  consequently,  charac¬ 
teristic  pulse  time  t  can  be  evaluated  from  condition 

M  3i* 

«{T»s)~l.  (21) 


For  time 


(22) 


82J  of  the  energy  is  radiated: 


/( TMa)=0.82/(oo). 


In  the  experiment  (see  II,  S  5)  X-ray  radiation  was  measured 
with  the  use  of  filters  with  a  pass  band  limited  on  the  side  of 

p 

longer  waves.  For  a  beryllium  filter  15  mg/cra  the  boundary  wavelength 

o 

is  8  A.  The  intensity  of  bremsstrahlung  in  the  range  of  the  X-ray 
continuum  depends  exponentially  upon  wavelength: 

/x  d).  -v,  exp  (—  hcl  XT)  dX. 


In  order  to  determine  the  energy  passing  through  the  filter, 

it  is  necessary  to  integrate  the  product  of  the  filter  transmission 

00 

and  spectrum:  f^BxdX,  where  is  the  spectral  characteristic  of 

filter  transmission.  However,  for  beryllium  filters  It  is  possible 
to  assume  with  a  sufficient  degree  of  accuracy  /-ij  lxdl. 


Thus,  the  energy  passed  through  the  filter  is 


exp  (--£-)/(<). 


24 


(23) 


This  energy  decreases  with  tine  according  to  the  following  law: 

(~**%  <2i,) 

where  «=sj§;(1+  t*)'  When  "  8  A  and  TQ  »  200  eV,  a  •  11.4. 

The  characteristic  time  of  the  emission  which  has  passed  through 
the  filter  ^  is  determined  from  relationship 

(25) 


Thus,  we  obtain 


Tr 


(26) 


Emission  duration  with  variable  focusing  depends  only  upon 
Initial  temperature. 


Integral  values  of  I.  («)  and  I(»)  are  connected  by  the  approxi- 

Ao 

mate  relationship 

7^(oo)«;sJ/*e“«.*(oo).  (27) 

For  lithium  deuteride,  ip  our  case,  we  have  Iu {<»)=*• 0,25  erg,  t,j»* 
s  0.5  ns,  *^**0.2  ns. 

In  the  case  of  two-dimensional  dispersion,  total  radiant  energy 
is  also  independent  of  temperature: 


/« (oo)  ^  3,6  •  ( 28 ) 

For  lithium  deuteride  under  these  conditions,  we  obtain  /Pa(oo)s=.4-10' 
erg,  i.e.,  one  order  of  magnitude  greater  than  with  spherica]  disper¬ 
sion.  For  two-dimensional  dispersion  the  quantity  Iu(m)  is  evaluated 
according  to  formula  (27). 
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Since  there  is  mi  intermediate  case  between  two-dimensional  and 
spherical  dispersion  in  the  experiment,  the  total  radiated  energy 

iq  „2 

must  fall  between  I  A*)  and  I  («•),  i.e.,  for  nnrA  *  10  y  cm 
between  ft*lCT  and  4.5*10^  erg.  The  evaluation  obtained  from  experi¬ 
mental  measurements  gives 


/(«»)« 10'-  erg. 

*».  'Hie  possible  effect  of  the  pressure  of  laser  emission  on  the 
plasma  being  formed  deserves  consideration.  The  observation  of  such 
an  effect  during  the  focusing  of  nanosecond  laser  pulses  on  a  solid 
target  was  discussed  in  [15] .  In  the  case  we  examined,  the  fluxes 
•near  the  target  are  considerably  higher  and,  consequently,  greater 
than  the  value  of  light  pressure. 

The  total  pulse  which  can  be  transmitted  from  an  electromagnetic 
wave  to  plasma  is  expressed  in  the  following  manner: 


(29) 


where  W  is  the  laser  pulse  energy. 

On  the  other  hand,  taking  into  account  the  fact  that  the  basic 
component  of  the  emission  goes  into  heating,  we  obtain 

W^VTt.  (30) 


Here  N  is  the  number  of  ions  participating  in  the  heating  and  Tq  is 
initial  temperature  (in  energy  units). 


The  gas-dynamic  pulse  of  plasma  Is  expressed  by 


P 


(3D 


where  vot  is  the  asymptotic  rate  of  dispersion.  Taking  into  account 
(30)  and  (31),  expression  (29)  assumes  the  form 
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(32) 


In  the  above  described  experiments  e„«*l(F  cm/s  and  and, 

consequently,  the  effect  of  the  pressure  of  laser  emission  can  be 
disregarded. 

V.  Electron-Ion  Relaxation  In 
Plasma  formed  by  'a  Powerful  tiltra- 
short ' '  Laser  false 

1.  The  problem  of  heating  plasaa  Is  primarily  the  problem  of 
achieving  high  ion  temperature.  During  laser  heating  electrons  are 
heated  first,  basically  because  of  a  process  opposite  to  brensstrahlung. 
Ions  obtain  heat  from  electrons  as  a  result  of  collisions.  At  high 
initial  electron  temperatures ,  which  can  be  attained  by  focusing  of 
powerful  ultrashort  pulses,  plasma  can  disperse  before  a  temperature 
balance  of  its  components  occurs.  The  need  for  taking  this  non¬ 
equilibrium  into  account  was  considered  In  [53 • 

The  heating  of  electrons  occurs  during  a  pulse  duration  of 

11  Ip 

t  *  10-10  s.  In  most  of  the  cases  ef  practical  interest  this 
time  is  much  less  than  the  characteristic  times  of  electron-ion 
relaxation  t&1  and  gas -dynamic  expansion  trj|.  Por  example,  for 
plasma  parameters  in  the  described  experiments  or*.  r,*2C0  eV  and 

cm,  we  obtain  »  a,  s.  However,  the  electron- 

electron  relaxation  time  10"b  s  .  Therefore,  below  we  will  use  the 

idea  of  Instantaneous  heating  of  electrons  to  temperature  TQ.  The 
temperature  of  ions  at  Initial  moment  Tj^O)  «  TQ  and,  without  reducing 
accuracy,  we  set  T^(0)  ■  0.  We  will  be  concerned  with  temperatures 
of  T  5  ioo  eV  at  which  plasma  is  completely  ionized.  At  the  initial 
moment  electron  density  is  nQ  and  the  plasma  dimensions  arc-  known. 

At  this  time  free  dispersion  of  the  plasma  begins  under  the  action  of 
internal  pressure  and  emission  and  electron-ion  relaxation  simul¬ 
taneously.  With  the  same  considerations  as  presented  in  Section  IV, 
paragraph  2  we  will  consider  that  during  expansion,  density  and 
temperature  are  uniform  in  the  entire  plasma  volume 
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Since  in  our  experiments  the  character  of  the  dispersion  changes 
in  tine 'vt  from  two-dimensional  to  spherical,  let  us  examine  both 
these  types .  Ve^ emphasise  once  again  that  we  are  speaking  of  confined 
plasma.  Such  a  condition  In  practice  corresponds  to  the  condition  of 
heating  thin  foil  or  a  small  isolated  particle.  During  the  heating 
of  a  thick  target  (target  vcluse  ouch  greater  than  Initial  volume  of 
plasma)  thermal  conductivity  can  play  a  significant  role  (see  Section 
IV,  paragraph  1). 

With  an  increase  In  initial  electron  temperature  TQ  the  relaxation 
rate  falls  and  the  expansion  rate  of  tne  plasm  Increases.  Tewperature 
T*0,  at  which  the  characteristic  dispersion  time  tr^  is  comparable 
-with  the  equalization  time  of  electron  and  ion  temperature  t 
determines  a  certain  critical  value  of  initial  thermal  energy.  At 
Tq  <  ri*Q  the  heating  of  ions  can  be  considered  effective.  Relaxation 
manages  to  occur  before  a  pronounced  temperature  drop  due  to  the 
adiabatic  expansion  of  plasma.  At  TQ  >  T*0,  on  the  other  hand, 
dispersion  proceeds  faster  than  heat  transfer  from  electrons  to  ions. 


Let  us  evaluate  T*Q.  Since 


v— ■ 


»_ 

%V& 

A- 


zr,  v-i/s 


M-TTtJ 


(33) 

(3*0 


(where  v  is  the  speed  of  sound),  then  from  condition  ■s.#(T%)~xrsl(f*J 

30 

we  obtain 


e'Zy 


*  _i/« 
m' 


(hA) 


lit 


M" 


{«•*/*  eV. 


(35) 


IQ  _ p 

For  lithium  deuteri de  at  nQx0  *  10  7  cm  (as  in  our  experiments) 
we  obtainT*0  *  450  eV.  More  precise  calculations  give  a  value  of 
T«0  *  600  eV. 
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2.  Let  u  raHim  a  tno<41m»lctsai  layer  of  plant  with 
Initial  thickness  xQ.  Bw  rate  of  electron-ion  relaxation  in  the 
atsenes  of  any  energy  lonn  can  bo  wrltton  in  the  font  [13] 

*r.  r.-r,  iK£  «**»£*%»**  „  ,, 

1* — v4*5 — * - 35** — (36) 

Prow  the  table  of  values  presented  in  (13)  we  shall  select  1bA«& 
Expression  (36)  is  solid  with  both  saall  and  lares  differences  ?e  -  fj 
[16].  Substituting  numerical  values  and  replacing  ni  «  r^x^/Zx,  we 
obtain 


where  »-si»-ie*,'(2%1/li>. 


(37) 


Pesides  energy  losses  upon  collision  with  colder  ions,  electrons 
lose  thermal  energy  cn  their  acceleration  and  also  on  emission.  Ions 
acquire  heat  because  of  relaxation  but  they  lose  it  only  or  gas- 
dynamic  expansion.  From  the  equation  of  notion  for  the  plasma  volume 
as  a  whole 


!?**%*•  (38) 

(where  P  is  pressure,  V  is  volume,  Ehmh  is  the  energy  of  directed 
motion  of  plasma),  we  may  conclude  that  the  contribution  of  each  of 
the  components  to  the  energy  gain  of  dispersion  is  proportional  to 
ZTe/(ZTe  +  Tj)  and  Tj/(ZTe  T^)  for  electrons  and  ions,  respectively. 

This  conclusion  is  justified  by  the  following  facts.  In  the 
first  place,  we  deal  with  colliding  plasma,  i.e.,  «  xQ.  Here 

l  Is  the  length  of  the  mean  free  path  of  electrons  which,  according 
to  [173,  can  be  evaluated  by  expression 

!.'v,Dftr~6.lO"^,  (39) 
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where  Tg  is  in  keV.  For  example,  for  nt  »  5>10  cm  J  and  T,  *  0.2 
keV  we  obtain  Zg  =  5*  10”"*  cm  <<  xQ  :  10*2  cm. 

In  the  second  place,  we  can  disregard  the  acceleration  of  ions 
by  electrons  at  the  edge  of  the  freely  exDanding  plasma.  Plasma 
volume  Vy  SZD  will  be  captured  by  such  acceleration.  Here  S  is  the 
focusing  area  and  Z D  is  the  Debye  screening  distance,  equal  to 

’  <*>) 

where  T  is  i».  eV. 
e 

Volume  Vy  composes  a  small  portion  of  the  total  volume  V  of  the 

plasma:  Vy  -v  (ZQ/x  )V.  For  example,  for  10'1  c.#-1,  Tt—  :l  keV  we 

-7  -2 

obtain  ZD  *  7  *  10  cm  and  Vy*«10**V'  when  xQ  =  10  cm. 

Hence,  we  obtain  the  following  equations  of  relaxation  for 
electrons  and  ions : 


_  __  «,  X, 

di  t  jw~~ 


2_ 
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T.-Tt  1 

fO/i  3 

*  J 


ft 

2r.  +  r,* 


(41) 

(42) 


where  i  is  the  intensity  of  radiation  in  the  calculation  for  one  ion. 

The  addition  of  (41)  and  (42)  leads  us,  of  course,  to  equation 
(12),  which  upon  substitution  of  i(t)  assumes  the  form  (13).  Equation 
(38)  with  the  appropriate  substitutions  is  reduced  to  (11). 

Thus,  the  system  of  equations  (11),  (13) »  (42)  determines  the 
problem  proposed.  Its  solution  has  been  examined  in  reference  [20 J. 

3.  The  solution  of  the  system  of  equations  (11),  (13) »  (42)  is 
carried  out  by  approximation  but  possible  errors  do  not  exceed  20%. 


Results  have  been  obtained  in  analytical  fora;  however,  the  dependences 
found  are  complex  and  assigned  parametrically.  Therefore,  we  will  not 
give  then  here,  but  for  the  cases  Interesting  us  let  us  present  results 
on  graphs. 

The  dependence  of  ion  temperature  on  time  T^(t)  has  a  certain 

maximum  Tlffl  when  t  ■  tb,  determined  by  the  initial  conditions  of  the 

problem.  It  is  precisely  this  quantity  which  is  of  practical  interest 

to  us.  Figure  10  gives  dependenceT, _ ( Tn )  for  lithium  deuteride  when 
IQ  -2  xm  u 

nQr0  ■  n0x0  -  10  7  cm  .  The  change  to  plasma  of  another  composition 
and  initial  data  is  accomplished  by  means  of  the  multiplication  of 
the  scale  along  the  axis  of  ordinates  by  the  quantity 

a  rir. -rarsv® 


and  of  the  scale  along  the  axis  of  the  abscissas  by  the  quantity 


/*  i +zy/,/8%\w*  z* 
VT-T-7  V®/  273- 


\f _ *t*! _ • 


Let  us  note  that  when  selecting  Z  for  plasma  consisting  of  several 
elements,  we  should  use  a  root-mean-square  evaluation  I— 2— 

with  which  the  number  of  electrons  for  one  ion  Z  must  be  near  Z. 

For  M  we  can  assume  a  mean  arithmetic  value.  For  lithium  deuteride, 

«*» 

for  example,  Z  »  2.25;  Z  «  2;  M  ■  • 


U) 


Fig.  10.  Dependence  of  maximum 
ion  temperature  Tljn  on  Initial 

electron  temperature  TQ  for  con¬ 
fined  plasma:  1  -  two-dimensional 
dispersion;  2  -  spherical  disper¬ 
sion. 

KEY:  (1)  s;  (2)  keV. 


fait  (a) 


Figure  11  presents  with  the  solid  lines  the  dependence  Tm(TQ) 
at  given  values  of  nQ,  rQ,  xQ.  We  should  keep  in  mind  that  in  the 
two-dimensional  case,  at  sufficiently  high  TQ,  the  ratio  *mA0  >  3 
and,  therefore,  dispersion  acquires  a  spherical  character.  Figure  11 
shows  with  the  dotted  line  how  the  dependence  of  this  case  will 
actually  be  modified. 


Fig.  11.  Effective  time  t  of  maximum 

m 

ion  temperature  existence  as  a  function  of 
initial  electron  temperature  for  lithium 

PI 

deuteride  when  n^  *  10  cm  ,  xq  *  r0  “ 

*  10”2  cm:  1  -  two-dimensional  disper¬ 
sion;  2  -  spherical  dispersion;  3  —  a 
change  from  two-dimensional  dispersion  to 
spherical  under  the  conditions  of  the 
experiments  conducted. 

KEY:  (1)  s;  (2)  keV. 


In  the  region  of  low  TQ,  the  drop  in  Tm  is  explained  by  the 

pronounced  decrease  of  t  .  as  compared  with  t  and  t  [see  formulas 

el  rfl  ms n 

(33),  (34),  (22)].  In  this  case,  the  temperature  endurance  will  be 
determined  by  the  latter,  more  gradual,  process  and,  therefore,  will 
increase. 


4.  The  analysis  of  the  solutions  obtained  shows  that  for  limited 
(without  thermal  conductivity)  plasma,  the  dependence  of  the  highest 
attainable  temperature  for  ions  Tlm  on  the  initial  electron  temperature 
Tq  can  be  broken  down  into  three  regions.  In  the  region  of  low  TQ 
where  emission  can  be  substantial,  electron-ion  relaxation  occurs 
before  gas-dynamic  expansion  has  time  to  develop.  Subsequently, 
ions  and  electrons  began  to  disperse  with  identical  temperatures. 

With  an  increase  In  TQ  a  region  begins  where  electron  relaxation 
occurs  during  dispersion.  The  increase  in  Tim  rapidly  decelerates 
with  an  increase  in  TQ.  Finally,  at  high  TQ,  plasma,  under  the  action 
of  internal  electron  pressure,  disperses  even  before  electron-ion 
collision  occurs.  Now  an  Increase  in  TQ  is  accompanied  by  a  decrease 
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With  assigned  Initial  temperature  Tq  the  highest  attainable 
Ion  temperature  depends  upon  the  product  nQXg  (see  Pig.  10).  If 
for  each  nQx0  *  const  we  define  T»Q  as  the  temperature  at  which  curve 
*im^T0>  achieves  aaxiwu*  T*^,  then  we  obtain  T\&>(n$ ct),A  .  Tenperature 

T*0  weakly  depends  upon  ion  mass  (as  and  more  strongly  depends 

upon  Z.  At  nft  •  const  tenperature  T*tcoZ*!* .  This  is  connected 
basically  with  the  relaxation  term  since  t Therefore,  we  find 
that  when  heating  lithium  deuteride,  the  ions  of  lithium  are  first 
heated  and  then,  from  them,  thermal  energy  is  transferred  to  the 
deuterons . 

Thus,  in  confined  plasma  (n^x^  »  const)  it  is  not  possible  to 
obtain  ion  temperature  higher  than  a  certain  maximum  Moreover, 

transitions  to  T*Q  lead  to  a  drop  in  ion  temperature.  However,  if 
with  an  increase  in  Tq  we  increase  nQxQ,  then  a  further  rise  in 
becomes  possible.  Precisely  this  situation  can  arise  under  the 
effect  of  very  powerful  pulses  on  a  thick  target.  An  increase  in  the 
number  of  heated  particles  lr.  this  case  occurs  because  of  thermal 
conductivity.  Thermal  conductivity  emerges  not  as  a  useless  process 
leading  to  undesirable  losses,  but  as  a  mechanism  which  facilitates 
the  obtaining  of  high  ion  temperatures.  The  heating  of  ions  during 
electron  thermal  conductivity  is  examined  in  reference  [21]. 

5.  Prom  the  experimental  results  discussed  above  it  follows 
that  nQx0  ■  (1-2) *10  *  cm  .  With  the  aid  of  these  measurements,  it 
is  possible  to  explain  the  neutron  yield  in  the  experiments  described 
in  reference  [1],  If  we  take  nQx0  »  2-K)1^  cm-2  and  h0«IOji  cm  j,  then 
on  the  basis  of  the  analytical  expressions  obtained  for  the  maximally 
attainable  ion  temperature  we  have  Tj  ■  T*im  *  300  eV  with  an 
initial  electron  temperature  of  eV.  The  lifetime  of  the 

maximum  ion  temperature  Is  Tm«5*10-10  s.  Hence,  according  to  [183 »  we 
obtain  for  the  expected  neutron  yield  A',,**  *  neutron/pulse ,  which 
agrees  with  the  observation  In  [1]  of  single  neutrons. 
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VI .  Conclusion 


In  the  study  of  plasma  heating  with  ultrashort  laser  pulses  it 
was  found  that  the  laser  pulse,  as  a  rule,  is  not  single  but  consists 
of  a  whole  series  of  subpulses  (peaks)  having  dissimilar  intensity 
and  distance  from  each  other  at  different  time  intervals.  The  results 
obtained  with  a  total  laser  pulse  energy  of  0.1  J  showed  that  the 
absorption  of  an  individual  picosecond  pulse  occurs  when  near  the 
target  there  is  plasma  with  a  concentration  lower  than  critical  n  . 
which  can  be  determined  from  equality  u  *  wp. 

The  heaving  of  plasma  under  the  conditions  of  the  conducted 
experiments  occurs  in  the  following  manner.  Gne  of  the  first  peaks 
hitting  the  target  ionizes  it  to  a  depth  approximately  equal  to  the 
wavelength  of  the  laser  emission.  After  the  value  of  ne  is  equalized 
with  the  value  of  n  ,  the  rest  of  the  peak  is  reflected.  Simul- 

«p 

taneously  with  ionization  occurs  the  heating  of  plasma  to  a  temperature 
of  several  electron  volts.  As  a  result,  the  plasma  formed  rather 
slowly  disperses.  All  reaks  hitting  the  target  in  this  stage  will  be 
reflected  (with  the  deduction  of  losses  to  supplementary  ionization) 
until  particle  density  falls,  as  a  result  of  dispersion,  to  a  value 
corresponding  to  n  .  At  this  time ,  high-temperature  heating  of 

Kp 

plasma  is  possible. 

Thus,  it  is  possible  to  consider  established  the  fact  that 
reflection  of  ultrashort  pulses  occurs  in  plasma  regions  where 
electron  density  is  near  critical.  At  flux  densities  used  in  the 
experiments  there  Is  no  noticeable  absorption  by  the  plasma  of  laser 

emission  when  u  >  o>. 

P 

The  hot  plasma  formed  with  initial  electron  temperature  Tn  =  200 

20  21  u 
eV,  electron  density  nn  =  5' 10  -10  cm  ,  and  characteristic 

-2 

dimension  Xq  =  (1-2) *10  cm  during  a  certain  period  of  time  is 
nontransparent  and  the  incident  peaks  are  absorbed  in  it.  Aft°r  ine 
onset  of  transparency  due  to  the  drop  in  plasma  density  during  free 
expansion,  laser  emission  again  penetrates  to  che  surface  of  the  tar¬ 
get  and  high-temperature  heating  of  a  new  portion  of  the  substance 
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occurs .  The  stage  of  slow  dispersion  Is  absent,  which  indicates  the 
existence  near  the  target  of  neutral  gas  or  cold  plasma  with 

Theoretical  analysis  of  the  possibilities  of  heating  ions  in 
the  approach  of  a  uniformly  expanding  plasaa,  taking  into  account 
electron-ion  relaxation  and  energy  loss  on  emission,  indicates  that 
with  the  prescribed  initial  conditions  nQ,  xQ,  TQ,  ion  temperature 
Tj  as  a  function  of  time  has  maximum  T^.  The  dependence  of  Tlm  on 
Initial  data  has  been  obtained.  At  nQx0  ■  const  quantity  Tlm  first 
Increases  with  an  Increase  In  TQ  and  after  achieving  a  certain  value 
for  begins  to  fall.  This  drop  is  explained  by  two  factors. 

With  an  increase  in  initial  electron  temperature  the  rate  of 

-V2 

electron-ion  relaxation  decreases  in  proportion  to  T  J  .  Further¬ 
more,  there  occurs  a  simultaneous  increase  in  the  dispersion  rate 
(proportional  to  T  )  and,  consequently,  a  reduction  in  the  time 
of  energy  exchange  during  collisions  between  electrons  and  ions. 

Thus,  in  plasma  with  a  fixed  number  of  particles  (nQx0  «  const) 
it  is  not  possible  to  achieve  an  ion  temperature  higher  than 
T*im Mvq),/S  •  It  is  possible  to  achieve  a  further  rise  in  if  we 
use  a  thick  target  and  laser  energy  with  which  an  increase  in  the 
number  of  heated  particles  because  of  electronic  thermal  conductivity 
becomes  noticeable.  Thermal  conductivity  will  play  not  its  usual 
role  of  energy  losses  but  that  of  a  useful  mechanism  favorable  to  the 
achievement  of  high  ion  temperatures  with  high  plasma  density  [21]. 

Since  the  collection  of  ion  energy  during  relaxation  and  the 
emission  of  the  plasma  occurs  as  a  result  of  the  same  electron-ion 
collisions  and  differs  only  in  the  size  of  the  cross  section,  there 
exists  a  profound  connection  between  ion  temperature  and  the  radiant 
characteristics  of  plasma  when  it  is  heated  by  ultrashort  laser 
pulses.  It  has  been  shown  that  T^  and  the  radiant  energy  are  fully 
determined  by  the  Same  parameters:  TQ  and  nQx0.  Therefore,  the 
diagnostics  of  the  plasma  created  with  ultrashort  pulses,  with  respect 
to  its  emission,  can  be  used  to  determine  ion  temperature.  When 
radiative  losses  are  small  as  compared  with  the  total  energy  of  the 
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plasma  (and  precisely  this  usually  occurs),  the  integral  radiant 
energy  is  proportional  to  quantity  (nQx0)2  and  not  dependent  upon  TQ. 


On  the  contrary,  pulse  duration  of  the  plasma  emission  th3/j  is 
determined  only  by  initial  temperature  ra(?ltJa',v77,/*)  and  doe3  not  depend 
upon  nQx0.  With  respect  to  order  of  magnitude,  tm3jj  is  fractions  of 
a  nanosecond  and  cannot  as  yet  be  measured  by  existing  apparatuses. 
X-ray  pulses  from  the  investigated  plasma  are,  apparently,  the  shortest 
that  can  be  obtained  today. 


The  results  of  this  work  make  it  possible  to  explain  experiments 

in  the  observation  of  neutron  emission  [1].  The  neutron  yield 

19  -2 

-observed  corresponds  to  TQ  *  900  eV,  T±  *  300  eV,  nQx0  »  2'10  7  cm 
when  initial  electron  density  nQ  Is  near  critical. 


Upon  focusing  powerful  ultrashort  pulses  the  pressure  of  laser 
emission  near  the  target  can  reach  high  values.  However,  from  the 
calculations  made  it  follows  that  the  supplementary  pulse  acquired 
by  the  plasma  in  this  case  is  small  as  compared  with  thermal  in  the 
ratio  v/c  where  v  is  the  asymptotic  dispersion  rate. 
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1.  A  study  of  plasma  formed  by  ultrashort  laser  pulses. 

2.  Stimulated  emission  In  the  vacuum  ultraviolet  region. 

3.  The  formation  of  powerful  pulses  with  a  steep  leading  edge 
in  a  laser  system  with  passive  nonlinear  elements. 

4.  Power  resonances  and  frequency  stabilization  of  a  gas  laser 
with  a  nonlinearly  absorbing  cell. 
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wave  mode . 

6.  Scattering  of  coherent  light  in  a  cylindrical  electron  beam. 

7.  Increasing  the  brightness  of  radiation  with  the  aid  of  a 
Brillouin  laser. 

8.  Holographic  memory  devices  with  information  recording  by 
blocks. 

9.  Methods  for  selecting  types  of  oscillations  in  pulse  injec¬ 
tion  lasers. 

10.  Calculating  the  effectiveness  of  a  laser  with  high  losses  on 
radiation. 


11.  Three-dimensional  coherent  radiation  of  a  ruby  laser  with 
pulse  quality. 
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12.  A  study  of  the  generation  of  a  ruby  laser  with  automatic 
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13.  Hie  effectiveness  of  the  generation  of  high-order  optical 
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radiation. 
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26.  Visualization  of  objects  illuminated  by  10.6  pm  longwave 
radiation. 
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Translation  of  Titles 


1.  The  effect  of  admixture  concentration  on  the  threshold 
characteristics  of  semiconductor  lasers. 

2.  Laser  optron. 

3.  Characteristics  of  a  gallium  arsenide  laser  with  high-energy 
electron  beam  pumping. 

4.  Unlimited  extension  with  distributed  radiative  losses. 

5.  Waveguide  transmission  of  videoinformation  in  coherent  light. 

6.  Vortex  discharge  as  a  source  of  continuous  laser  pumping. 

7.  Photoionization  of  internal  electrons  in  atoms  as  a  method 
of  creating  population  inversion. 

8.  Surface  disruption  stage  of  a  transparent  dielectric  during 
laser  Irradiation. 

9.  Four-photon  parametric  frequency  selection  within  wide  lines 
of  stimulated  radiation. 

10.  Edge  effects  on  the  properties  of  unstable  resonators. 

11.  In  addition,  a  number  of  short  reviews  will  be  published, 
including: 

12.  Oscillation  temperatures  in  carbon  dioxide  lasers. 

13.  Widening  the  spectrum  of  laser  radiation  by  brightening  a 
nonlinear  filter. 

14.  Contrast  power  resonances  in  a  helium-neon  laser  with  an 
absorbing  cell. 

15.  A  laser  with  Q-switching  for  high-speed  photography. 

16.  A  study  on  the  Faraday  effect  in  indium  antimonide  at 
wavelengths  of  10.6  ».'m. 

17.  Relationship  of  pumping  conditions  for  a  garnet  pulsed  laser 
with  tube  filling. 
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COMMENTS  OP  EDITORIAL  STAFF 


Quantum  electronics,  whose  emergence  is  connected  with  the  first 
molecular  generator  on  an  ammonium  beam,  presently  occupies  a 
couqjletely  independent  area  of  physics. 

An  unusually  large  group  of  scientists  and  engineers  is  working 
both  on  the  overall  problem  of  the  interaction  of  coherent  electro¬ 
magnetic  radiation  (primarily  light}  with  matter  and  on  the  different 
applications  of  the  common  principles  in  specific  instruments.  Inter¬ 
national  and  national  conferences  on  quantum  electronics  are 
completely  comparable  to  conferences  and  congresses  on  traditional 
areas  of  physics.  A  considerable  number  of  specialized  forms,  closely 
connected  with  quantum  electronics,  have  been  held:  conferences  on 
nonlinear  optics  and  holography,  on  the  interaction  of  radiation  with 
matter,  etc.  This  is  completely  natural  for  such  a  strongly  developing 
area  of  knowledge. 

The  works  of  this  group  of  physicists  and  engineers  on  quantum 
electronics  can  and  should  be  combined  on  the  pages  of  a  specialized 
periodical.  "Quantum  Electronics,"  published  by  the  Sovetskoye 
Radio  Publishing  House,  serves  this  purpose. 

In  1971  the  collection  will  be  published  periodically;  we  hope 
that  in  the  near  future  it  will  become  a  Journal. 


FTD-MT- 2t-987-7l 


43 


The  editorial  staff  of  "Quantum  Electronics"  accepts  for 
publication  original  articles  and  short  reports.  In  each  issue  there 
will  be  one  review  article  on  the  present  problems  in  quantum  elec¬ 
tronics. 

The  electoral  staff  assumes  that  the  subjects  in  the  collection 
will  be  sufficiently  broad.  Works  connected  with  the  applications 
of  lasers  in  science  and  technology,  as  well  as  those  describing 
specific  devices,  will  be  accepted. 

Thus,  we  hope  to  be  able  to  concentrate  efforts  in  quantum 
electronics  in  one  publication  which,  undoubtedly,  will  effect  an 
improvement  in  the  quality  of  published  works,  an  increase  in  the 
volume  of  information,  and,  on  the  whole,  further  progress  in  quantum 
electronics . 


